Introduction
Exosomes are 30-100 nm extracellular membrane vesicles of endocytic origin [1] [2] [3] , which were first discovered in the early 1980's [1, [4] [5] . Exosomes are released into the extracellular environment upon fusion of multivesicular bodies with the plasma membrane [1] [2] 6] . They are secreted by most cells that have been examined so far, including mast cells [7] [8] , dendritic cells [9] [10] , B cells [6] , T cells [11] , tumour cells [12] [13] and epithelial cells [14] . They have also been found in many biological fluids including plasma [15] , urine [16] , saliva [17] , breast milk [18] and bronchoalveolar lavage fluid [19] . Exosomes were shown in the late 90's to have co-stimulatory functions in the immune system [6] . Furthermore, it has been shown that the exosome protein composition depends on the cellular source of the studied exosome [10, 20] . Regardless of origin, several common proteins are found in exosomes, including chaperones, cytoskeletal proteins and tetraspanins such as CD9, CD63 and CD81 [3, 8, 20] . We have previously shown that exosomes also contain a substantial amount of RNA that can be transferred from one cell to another [8] . The functions of exosomes are not yet fully understood, although antigen presentation [6, 21] , induction of tolerance [22] and the transfer of genetic material [8] are the main proposed functions. The detailed mechanism of the interaction between exosomes and recipient cells are not fully understood, although experimentally supported hypotheses includes receptor-ligand interaction [6, 21] , fusion with the plasma membrane [23] or internalization of the exosomes by the recipient cells by endocytosis [24] [25] followed by uptake of functional RNA [8] .
Reactive oxygen species (ROS), including hydrogen peroxide (H 2 O 2 ), are continuously generated during cellular metabolism in cells living under aerobic conditions. If the ROS production exceeds the production of the cells antioxidant defence, an imbalance occurs resulting in oxidative stress, which is implicated in many diseases including cardiovascular disease [26] , sleep apnoea [27] , asthma [28] [29] and COPD [28] . In higher doses, H 2 O 2 is capable of inducing oxidative stress in experimental models [30] [31] , which can lead to different types of cell death [32] [33] . In addition, low doses of H 2 O 2 can induce tolerance of cells to a higher degree of oxidative stress [34] [35] [36] . Protection from oxidative stress has been shown to be regulated at the transcriptional level [37] [38] [39] .
Since exosomes are produced and released by many cells, and have diverse functions in biological models [3, 40] , we hypothesized that exosomes may mediate protective signals in processes of oxidative stress. Thus, we suggest that exosomes released by cells exposed to oxidative stress can mediate a signal to another cell, making the recipient cell more tolerant to oxidative processes and subsequent cell death. We further hypothesized that any tolerising effect can be mediated by the exosomal shuttle of RNA, as we have previously shown that exosomes can deliver functional RNA from one cell to another [8] . To test these hypotheses, we used a mouse mast cell line (MC/9) that we exposed to H 2 O 2 , as a model of oxidative stress.
Results

Exosomes alter the ability of cells to handle oxidative stress
It is known that oxidative stress induced by H 2 O 2 induces loss of cell viability in vitro [33] . Depending on cell type, the dose of H 2 O 2 needed to induce loss of viability differs. A dose-response evaluation was performed, after which we concluded that the concentration of 125 mM was optimal for our protocol as this dose caused the death of about 50% of the cells (Figure 1 ). It has previously been documented that cells pre-treated with a low H 2 O 2 dose develop a resistance to higher doses of H 2 O 2 and consequently to stress [34] [35] [36] . To determine whether exosomes released under oxidative stress can mediate a similar tolerising effect, we harvested exosomes from MC/9 cells exposed to H 2 O 2 or vehicle for 24 h. These exosomes were then added to untreated cultures of other MC/9 cells for 3 h, after which the recipient cells were exposed to oxidative stress at the same concentration. Recipient cell viability was examined at 0, 2, 12 and 24 h after H 2 O 2 exposure, by trypan blue dye exclusion. Cells pre-treated with exosomes harvested from conditions of oxidative stress, were shown to have a higher viability at the 0, 2, 12 and 24 h time points, compared to cells pre-treated with exosomes harvested from normal conditions (Figure 2 ).
Exposure of cells to oxidative stress increase the relative amount of oxidized proteins in cells, but not in exosomes
After showing that exosomes harvested from cells cultured under oxidative stress were capable of mediating resistance to oxidative stress, we next compared the degree of oxidization of cellular and exosomal proteins. This was performed by studying the carbonyl groups, introduced by the H 2 O 2 exposure, using a protein oxidation detection kit with a specific antibody targeting these carbonyl groups. We could, as previously shown [41] , see an increase of oxidized proteins in cells exposed to H 2 O 2 ( Figure 3a) . However, the proteins in exosomes derived from cells exposed to H 2 O 2 did not express any change in the degree of oxidization (Figure 3b ).
Microarray analysis reveals that exosomes from different conditions contain different mRNA expression
In our previous publication, we showed that exosomes contain not only protein, but also mRNA and microRNA [8] . Importantly, we also showed that the mRNA is functional and can be shuttled between cells. As we have shown that exosomes harvested from oxidative stress conditions affect the recipient cells extensively, we examined whether the exosomal mRNA content had changed. This was evaluated by isolation of RNA followed by Affymetrix microarray analysis. This analysis was performed on RNA from both the exosomes and their donor cells. The Affymetrix microarray analysis confirmed our previously published results [8] , that there is no correlation between cellular mRNA and the exosomal mRNA indicating a difference in mRNA content (Figure 4d ). In addition, this lack of correlation was also seen between donor cell and exosomal mRNA under oxidative stress (Figure 4e ). Importantly, a difference in mRNA content was observed between exosomes harvested from the different conditions (Figure 4f) . Furthermore, the results also showed a slight difference in gene expression in cells cultured under normal conditions compared to oxidative stress (Figure 4c) . Interestingly, the relationship between significantly regulated transcripts found in exosomes from normal conditions and from oxidative stress were shown to change substantially in exosomes, although in cells this relationship between the two conditions were similar ( Figure 5 ).
The top 20 up-and down-regulated genes in exosomes harvested from cells cultured under oxidative stress are shown in Table 1 and 2 respectively.
UV-light eliminates the protective effect of exosomes against oxidative stress
Since the mRNA content of exosomes differs substantially in exosomes released under oxidative stress compared to exosomes released under normal conditions, and as exosomes released under oxidative stress can induce a resistance against oxidative stress in recipient cells, we hypothesized that the conditioning effect could be mediated by the RNA content in exosomes. To test this hypothesis, exosomes harvested from oxidative stress were exposed to UV-light (254 nm) for 1 h, as UV-light inactivates RNA functions [42] [43] . As controls, exosomes from both normal and stressed conditions were treated in parallel, but without exposure to UV-light. After the UV-light exposure, the exosomes were added to untreated cultures of recipient cells which were then exposed to oxidative stress, as in the previous experiments, and any influence on cell viability was determined at 0, 2 and 12 h. The results revealed that exosomes exposed to UV-light lost their protective effect on the viability of recipient cells exposed to oxidative stress at the 12 h time point ( Figure 6 ).
Discussion
This study shows that exosomes, released from mast cells exposed to oxidative stress, have the capacity to communicate a protective signal to recipient cells exposed to subsequent oxidative stress, resulting in reduced cell death. The mRNA content of exosomes produced under oxidative stress differs extensively from both the mRNA in the donor cell and in the exosomes produced by cells cultured under normal conditions. UV-light exposure, which damages nucleic acids [42] [43] [44] and proteins [45] , eliminate the exosomal protective signal, which may suggest that the exosomal shuttle of RNA at least partly mediate the observed effect.
Exosomes harvested from different cells under different situations have been shown to mediate a multitude of biological effects, including antigen presentation [6, 21] , induction of apoptosis [46] , and promotion of cancer cell growth [47] as a few examples. The current study adds to the list of biological functions of exosomes, proving that exosomes produced during oxidative stress mediate protective signals to the same stress in other cells. Thus, we observed that exosomes, released by cells grown under oxidative stress, reduce cell death. Consequently, we show that the oxidative stress alters the biological function of exosomes released from mast cells, which further argues that these vesicles can communicate important regulatory signals from one cell to another.
As shown in previous studies, we confirm that exposure of mast cells to H 2 O 2 results in reduced cell viability in vitro [33] . To study the effects of exosomes, we were careful to choose a dose of H 2 O 2 that resulted in a moderate degree of cell death, to be able to study any up or down regulating effects of exosomes. It is well known that oxidative stress can lead to various cell damage such as lipid peroxidation, nucleic acids oxidation and protein oxidation [41, [48] [49] . The results of protein oxidation by ROS are many, including cleavage of peptide bonds, cross-linkage reactions and generation of carbonyl derivates [49] . Interestingly, the dose of H 2 O 2 to induce oxidative stress resulted in an increased relative amount of introduced carbonyl groups in the proteins of exposed cells, but not in the proteins of exosomes that they released. Thus, the cells seem to be extensively affected themselves by the oxidization process, unlike the exosomes. We suggest that the cells may actively protect the exosomes from containing damaged proteins by specifically packaging the exosomes with undamaged proteins. This data also argues that the conditioning signal mediated by exosomes released during oxidative stress, is not mediated by oxidized exosomal proteins per se.
In previous work, we have shown that the RNA content in exosomes differs extensively from the donor cell's RNA [8] . In the current study, we hypothesized that the exosomal RNA content changes, and that this change is not only dependent on the cell origin but also on the condition under which they have been produced and released under, in this case normal conditions and oxidative stress. Indeed, the Affymetrix microarray analysis show substantial differences in mRNA gene expression in exosomes compared to their donor cells, both from cells with and without exposure to oxidative stress. Also, the exosomal mRNA content substantially differed in exosomes harvested from cells grown under the different conditions, arguing that the RNA content in exosomes is closely regulated depending on a cell's biological state or function. This result confirms our previous conclusion that the mRNA content in the exosomes is not a random sample of the cellular mRNA [8] , as it differed substantially from the donor cell mRNA regardless of the cell culture conditions.
Since the exosomal RNA content changed extensively under conditions of oxidative stress and because we have previously shown that the exosomal shuttle of mRNA can result in translation of that mRNA in the recipient cell [8] , we hypothesized that the protective effect of the exosomes released under these conditions is at least partly mediated by exosomal shuttling of RNA to recipient cells. To reduce the functionality of the RNA in the exosomes, we exposed the exosome fraction to UV-C radiation, as this treatment is known to have a damaging effect on nucleic acids [42] [43] [44] 50] . After this treatment, we found that the exosomes harvested from oxidative stress lose their ability to protect recipient cells from oxidative stress. These results therefore argue that the conditioning signals at least partially may be with the exosomal RNA content, and further supports the notion that the exosomal RNA indeed has regulatory functions in situations of biological importance. However, as it is also known that proteins can be damaged by UVlight [45] , a biological role of exosomal proteins in this experiment cannot be excluded. It is clear that exosomes harvested from different cells and under different conditions have vastly diverse effects in different cell systems. This suggests that exosomes can have a multitude of effects in vivo, depending on how and where they were produced. Many studies suggest that the core protein content of exosomes in fact are conserved [3, 20] , whereas the RNA content in exosomes, according to our current findings, can change extensively under different conditions. It is therefore possible that many of the diverse functions of exosomes reported in different studies are in fact mediated by different RNA signals that are shuttled between cells by exosomes. The current study therefore further emphasizes the putative biological regulatory importance of the shuttling of RNA between cells by exosomes.
In conclusion, in this study we have shown that exosomes that are produced by cells exposed to oxidative stress have the ability to induce tolerance to oxidative stress in another cell. This effect is associated with changed exosomal mRNA content that can be attenuated by reduced RNA activity through exposure to UVlight. This shows, for the first time, that the exosomal shuttle of RNA can fundamentally change the biological function of a recipient cell. When functions of exosomes are pursued, the role of their RNA content should be carefully considered.
Materials and Methods
MC/9 cell culture, oxidative stress treatment and exosome isolation MC/9 cells (ATCC, Manassas, VA) were cultured in Dulbecco's Modified Eagle's Medium, 10% fetal bovine serum (FBS), 100 mg/ml penicillin-streptomycin, 2 mM L-glutamine, 0.05 mM 2-mercaptoethanol (all from Sigma-Aldrich, St Louis, MO, USA) and 10% Rat T-Stim (BD Biosciences, Erembodegem, Belgium), at 37uC and 5% CO 2 . The FBS and Rat T-Stim contain exosomes. To remove these exosomes, FBS and Rat T-Stim were ultracentrifuged at 120,000 g for 90 min, 4uC (Ti45 rotor, Beckman Coulter, Brea, CA, USA). To induce oxidative stress, cells were exposed to 125 mM H 2 O 2 (Sigma-Aldrich) for 24 h under culture conditions. For isolation of exosomes, MC/9 cell suspension was centrifuged for 10 min at 300 g, to pellet the cells, and the exosomes were prepared from the supernatant. The exosomes were purified by ultracentrifugation in a Beckman Ultracentrifuge (rotor Ti45). First, the debris and organelles of the culture were precipitated by centrifugation (20 min, 16,500 g, 4uC) and the supernatant was filtered through a 0.2 mm filter, to remove any molecules larger than 200 nm. The exosomes were then pelleted by an ultracentrifugation at 120,000 g, 70 min, 4uC.
Total RNA purification and analysis Total RNA was extracted from cells and exosomes (n = 4) by TrizolH extraction methodology (Invitrogen, Paisley, UK) according to the manufacturer's protocol. In short, samples were homogenized and RNA integrity maintained by TrizolH. RNA, DNA, and proteins were then separated into different phases. After centrifugation, the RNA was collected from the aqueous phase, precipitated, washed and resuspended in RNase free water. The Mouse Genome 430A 2.0 microarray (Affymetrix, Santa Clara, CA, USA) was performed by SweGene (www.swegene.org/) according to Affymetrix microarray DNA chip analysis (Affymetrix). Gene expression profiles were analyzed using the MAS5.0 software (Affymetrix).
Accession Number
The microarray data have been deposited in NCBI's Gene Expression Omnibus (GEO). Details can be found at http://www. ncbi.nlm.nih.gov/geo (the GEO accession number is: GSE24886).
Transfer experiment and cell viability analysis
All exosomes were isolated (n = 6) from MC/9 donor cells exposed to H 2 O 2 (125 mM) or vehicle (complete medium) for 24 h and redissolved in complete medium. All of the exosomes collected from the supernatant from the donor cell cultures were added to the MC/9 recipient cells in the ratio of 1.7:1. This approach was taken to ensure that all exosomes and their content were transferred, which would better reflect the true biological state as opposed to a small subset. The recipient cells and exosomes were then incubated for 3 h under normal culture conditions. The recipient cells were subsequently challenged with H 2 O 2 (125 mM) and harvested after 0, 2, 12 and 24 h. The cell viability was assessed by using the trypan blue dye exclusion method.
Detection of oxidized proteins
The total protein was extracted from cells and exosomes (n = 5) using modified RIPA buffer [51] and sonication. Cell debris was removed by centrifugation. Detection and quantification of oxidized proteins was performed using the OxyBlot TM oxidized protein detection kit (Millipore, Billeria, MA, USA) according to the manufacturer's recommendations. In brief, the protein carbonyl groups, which are a consequence of the oxidative stress modification, were derivatized. Equal amounts of protein (15-20 mg) were then separated on polyacrylamide gels, transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) and blotted using antibodies specific to the OxyBlot TM kit. Enhanced chemiluminescence (GE Healthcare, Uppsala, Sweden) and Quantity OneH software (Bio-Rad) was then used for visualisation and relative quantification.
Exposure of exosomes to UV-light and subsequent transfer
All exosomes were isolated (n = 6) from MC/9 donor cells exposed to H 2 O 2 (125 mM) or vehicle (complete medium) for 24 h and resuspended in PBS. Exosomes isolated from cells exposed to H 2 O 2 were then subjected to UV-light (254 nm) for 1 h at 0-4uC. As controls, exosomes released by cells exposed to H 2 O 2 or vehicle, not subjected to UV-light, were kept at 4uC for 1 h. The exosomes were then added to MC/9 recipient cells in the ratio of 1.7:1 between donor cells and recipient cells and incubated for 3 h under normal culture conditions. The recipient cells were subsequently challenged with H 2 O 2 (125 mM) and harvested after 0, 2 and 12 h. The cell viability was assessed by using the trypan blue dye exclusion method.
Statistical analysis
Where appropriate, data are expressed as mean 6SEM. Statistical analysis was performed by one-way ANOVA test when comparing more than two groups and paired t-test (two tailed) analyses were used when comparing two conditions (SPSS for WindowsH version 17.0). Differences in gene expression between normal conditions and oxidative stress were assessed with paired ttest (two tailed). A probability less than 0.05 was accepted as statistically significant. 
